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BIOLOGICAL AND MICROBIAL CONTROL
Efficacy and Persistence of Steinernema carpocapsae (Rhabditida:
Steinemematidae) Applied through a Center-Pivot Irrigation
System Against Larval Corn Rootworms
(Coleoptera: Chrysomelidae)
R. J. WRIGHT,l J. F. WITKOWSKI,2 G. ECHTENKAMP,2 AND R. GEORGIS3
Department of Entomology, University of Nebraska-Lincoln,
Lincoln, NE 68583
J. Econ. EntomoJ. 86(5): 1348-1354 (1993)
ABSTRACT We evaluated control of natural and artificially infested populations of
larval com rootworms (Diabrotica virgifera virgifera LeConte and D. barberi Smith &
Lawrence) in com (Zea mays L.) treated with entomopathogenic nematodes, Steinernema
carpocapsae (Weiser); All strain, applied after planting through a center-pivot irrigation
system at 2.5 and 1.2 x 109 infective juvenile nematodes per hectare. We compared control
achieved with nematodes with that achieved with planting time applications of terbufos
(Counter 15G [granular]; 9.9 kg [AI]/ha) and chlorpyrifos (Lorsban 4E [emulsion]; 1.12 kg
[AI]/ha) applied after planting through an irrigation system, and with an untreated (water
only) control. In 1989 studies with natural rootworm populations, chlorpyrifos and both
nematode rates provided significantly lower root damage ratings than terbufos and the
untreated control. Chlorpyrifos was significantly more effective than the low nematode
rate. In 1990 studies with a natural rootworm infestation, the high nematode rate, terbufos,
and chlorpyrifos provided significantly lower root damage ratings than the untreated
control. Effectiveness of the low rate of nematodes was not significantly different from that
of the untreated control. In both years, all treatments were generally less effective under
higher rootworm pressure in artificially infested plots. In 1989, the high rate of nematodes
significantly reduced adult western com rootworm emergence compared with terbufos, the
low rate of nematodes, and the untreated control. In 1990, all treatments significantly
reduced western com rootworm adult emergence compared with the untreated control. In
1989, viable nematodes were commonly found 1-3 d after application and at low levels
28 d after application. However, in 1990, no viable nematodes were found >7 dafter
application.
KEY WORDS com rootworms, entomopathogenic nematodes, biological control
ENTOMOPATHOGENIC NEMATODES in the family
Steinernematidae have potential for biological
control of a variety of insects (Kaya 1985). They
have several useful characteristics (e.g., they
have wide insect host range, are able to kill hosts
relatively quickly, can be economically mass
produced, are noninjurious to vertebrates and
are currently exempted from EPA registration
requirements [Gaugler & Kaya 1990, Kaya &
Gaugler 1993]).
Previous research has documented the suscep-
tibility of Diabrotica spp. larvae to Steinernema
spp. Laboratory studies (Jackson 1985, Jackson &
Brooks 1989) evaluated S. carpocapsae (Weiser)
[see Poinar (1990) for current information on no-
1 Current address: University of Nebraska, South Central
Research and Extension Center, Box 66, Clay Center, NE
68933.
2 University of Nebraska, Northeast Research and Extension
Center, Concord, NE 68728.
3 Biosys, 1057 E. Meadow Circle, Palo Alto, CA 94303.
menclature and synonomies of Steinernema spe-
cies] against larval western com rootworms (D.
virgifera virgifera LeConte). Third instars were
more susceptible to S. carpocapsae (Mexican
strain) than first or second instars. Several field
studies have evaluated different strains of S. car-
pocapsae against com rootworms, primarily
western com rootworms (Rohrbach 1969, Mun-
son & Helms 1970, Poinar et al. 1983, Levine
1984, Oleson & Tollefson 1985, Peters 1986).
Generally, nematodes did not perform as well as
available soil insecticides in these studies. Poi-
nar et al. (1983) reported positive results, but the
study was unreplicated.
Recently, Thurston & Yule (1990) evaluated S.
carpocapsae and S. feltiae (Filipjev) [=S. bibio-
nis (Bovien)] against larvae ofnorthern com root-
worms (D. barberi Smith & Lawrence) in labo-
ratory and field studies. Laboratory studies
indicated that S. carpocapsae, Mexican strain,
was more virulent against first-instar D. barberi
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compared with S. feltiae. Field studies with the
Mexican strain of S. carpocapsae and S. feltiae
showed that nematodes applied in furrow at
planting time at 10,000 and 100,000 infective ju-
veniles per meter of row (= 130 X 106 and 1.3 x
1091ha) significantly reduced larval northern corn
rootworm populations compared with an un-
treated control, but provided significantly less
control than an in-furrow application of fonofos
at planting.
Most published studies in which S. carpocap-
sae has been tested against corn rootworms in
field studies have used applications of nema-
todes at the time of planting; with the exception
of the recent work by Thurston & Yule (1990),
these studies have obtained variable but mostly
negative results. This may be a result of the rel-
atively long period between planting dates and
corn rootworm egg hatch, during which nema-
todes are potentially exposed to desiccation, cool
temperatures, and ultraviolet radiation, all of
which could decrease their survival (Kaya 1985,
Gaugler 1988). In addition, many previous re-
searchers used relatively low rates of nematodes
«109Iha).
In the study described here, we evaluated the
commercially available All strain of S. carpocap-
sae applied after planting through a center-pivot
irrigation system. Currently, some insecticides
labeled for corn rootworm control in field corn
can be applied by injection into center-pivot
irrigation systems (=chemigation) (Wright et al.
1992). These applications are timed to occur
shortly after the hatch ofcorn rootworm eggs, but
before economic damage to the roots occurs. Ap-
plication of nematodes in a manner analogous to
the chemigation treatments has several benefits
over treatments at the time ofplanting, including
better timing of nematode application in relation
to the occurrence of rootworm larvae and im-
proved soil moisture conditions for nematode
survival after irrigation at the time of application.
The objective of our study was to evaluate the
persistence and efficacy of S. carpocapsae (All
strain) against corn rootworms when applied
through a center-pivot irrigation system in corn.
We timed application to be similar to that used
with chemigation of chlorpyrifos for rootworm
larval control. Chemigated chlorpyrifos, a plant-
ing-time soil insecticide (terbufos), and an un-
treated (water only) control were included for
comparison.
Materials and Methods
All field studies were conducted at the Univer-
sity ofNebraska's Northeast Research and Exten-
sion Center near Concord, NE (Dixon County).
Although the natural population of corn root-
worms consisted primarily of western corn root-
worms, northern corn rootworms also were
present. The soil type was a Crofton silty loam
(fine-silty, mixed [calcareous], mesic Typic Us-
torthents) with 6-11% slope, <1% organic mat-
ter, and soil pH of 7.0. The previous crop was
corn.
Chlorpyrifos and the two nematode treatments
were injected into the water stream with similar
but separate injection systems and applied
through a four-tower center-pivot irrigation sys-
tem that covered 5.54 ha and used low-pressure,
low-angle, impact nozzles. Nematodes were sus-
pended in water at known concentrations and
held in a canister with continuous agitation dur-
ing the application period. The injection pumps
were positive-displacement diaphragm pumps
(PULSA-feeder Microflo 680, Interpace, Roches-
ter, NY) with the injection port located midway
into the irrigation mainstream. Irrigation volume
during each application was ...2.2 cm.
Corn ('Pioneer 3377') was planted in rows
76 cm wide on 11 May 1989 and 29 May 1990
at 47,400 seeds per hectare. Alachlor (Lasso
4 Emulsifiable Concentrate [ECl) at 2.24 kg
(AI)lha and cyanazine (Bladex 4 Liquid [Ll) at
1.96 kg (AI)lha were applied in a 36-cm band
over the row in 56.8 liters of water at plant-
ing. Fertilization included anhydrous ammonia
(134 kglha) applied before planting and a 10-34-0
starter fertilizer applied (102 kg/ha) at planting.
Dauer-stage larvae of S. carpocapsae (All
strain) were used in these studies. Nematodes
were reared by Biosys (Palo Alto, CA) with liq-
uid culture techniques (Friedman 1990); they
were used in field studies within 1 wk of ship-
ment date. They were held at 5°C until use.
Parallel independent studies were done dur-
ing both years, with treatments applied against
the natural rootworm infestation and against nat-
ural infestations augmented with artificial infes-
tation of western corn rootworm eggs (600 per
30.5 cm of row). Rootworm eggs were applied to
corn by trickling a known concentration of eggs
suspended in agar into a shallow trench next to
the base of the corn plant and then covering the
trench with soil. Treatments were arranged in a
randomized complete-block design with two
replications. Treatments were applied on differ-
ent dates in the natural and infested plots, corre-
sponding to the first field observation of second-
instar rootworms based on repeated sampling of
soil and corn roots. This treatment timing is stan-
dard for chemigated application of chlorpyrifos.
Plots of each infestation type were covered with
a plastic tarpaulin during treatment to prevent
double treatment of the plots. Plot size of the
natural infestations was four rows by 30.5 m
long; the artificially infested plots were four rows
(1989) or two rows (1990) by 6.1 m long.
In the natural infestations during both years,
we evaluated the following treatments: S. car-
pocapsae at 1.2 and 2.5 x 109lha applied through
the irrigation system, chlorpyrifos (Lorsban 4
Emulsion) at 1.12 kg (AI)lha applied through the
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irrigation system, terbufos (Counter 15 Granular)
at 9.9 kg (AI)/ha applied in an 18-cm band at
planting, and an untreated control. In the artifi-
cial infestation plots, the same treatments were
applied except that terbufos was not included.
Irrigation water (2.5 cm) was applied within 48 h
after the irrigation treatments were applied.
In 1989, corn rootworm eggs were applied on
23 May. Treatments were applied through the
irrigation system on 21 June in the naturally in-
fested plots and on 27 June in the artificially
infested plots. In 1990, corn rootworm eggs were
applied on 18 June, and treatments were applied
through the irrigation system on 26 June in both
the naturally and artificially infested plots.
Nematode Distribution Along Length of Cen-
ter Pivot. During application of the nematodes
(at both rates) on 21 June 1989, 470-ml samples
of water were collected from two nozzles per
span of the center pivot to determine the unifor-
mity of distribution throughout the irrigation sys-
tem and nematode survival. A 15-ml subsample
was taken from each sample and examined
microscopically. Nematodes that moved were
counted as alive.
Root Damage Ratings. On 20 July 1989 and 23
July 1990, roots from 10 randomly chosen plants
from each treatment replicate were dug from the
soil, thoroughly washed to remove the soil, and
rated for rootworm feeding damage using the
1-6 Iowa root-rating scale (Hills & Peters 1971):
(1) no damage or only a few minor feeding scars;
(2) feeding scars evident, but no roots eaten off to
within 4 cm of the stalk; (3) at least one root, but
less than one node of roots, eaten off to within
4 cm of the stalk; (4) one node of roots eaten off to
within 4 cm of the stalk; (5) two nodes of roots
eaten off to within 4 cm of the stalk; and (6) three
nodes of roots eaten off to within 4 cm of the
stalk.
Nematode Persistence. Soil samples for nem-
atode bioassays were collected from each plot of
the natural infestation 1 d before and 1,3, 7, 14,
and 28 d after the 21 June 1989 treatment, and
2 h (from water-only treatment) and 3, 7, and 14 d
after the 26 June 1990 treatment. One sample
(10 cm diameter by 10 cm deep) each was taken
from within the row and between the row in each
plot, thoroughly mixed, and refrigerated. Sam-
ples were packed in dry ice and sent by over-
night express to Biosys (Palo Alto, CA) for bioas-
say. A 200-g subsample from each soil sample
was divided into five equal portions, which were
placed in five petri dishes (100 by 15 mm). Ten
Galleria mellonella (L.) larvae were added to
each dish, and the petri dish top was sealed with
paraffin film. Dishes were held at room temper-
ature (""'22°C) for 5 d. Counts of the number of
live and dead G. mellonella were made; dead
larvae were dissected and checked for steinerne-
matid nematodes.
Adult Rootworm Emergence. On 11 July 1989
and 13 July 1990, saran cages (1.8 by 1.8 by
1.8 m) were placed in selected plots of the natu-
ral rootworm infestation, sealed with soil at the
base, and monitored three times a week until 1
September for corn rootworm beetle emergence.
Beetles were identified to species. One cage per
replicate was placed in plots treated with terbu-
fos, with the high nematode rate, and in the un-
treated control. In 1989, however, cages were
placed in plots treated with the high nematode
rate twice by mistake and not at all in the low
nematode rate.
Plant Lodging. Plant lodging (another indica-
tor of severity of root damage by corn rootworms)
evaluations were made on 25 September 1989
and 9 October 1990 by counting the number of
plants leaning in excess of 30 degrees from ver-
tical in a randomly selected group of 20 consec-
utive plants in each plot.
Environmental Conditions. Soil moisture sam-
ples (one core per plot: 2.5 cm diameter by 10 cm
deep) were collected 1, 7, 14,21, and 28 dafter
the 21 June 1989 application. Soil moisture was
determined gravimetrically (Brady 1974, p. 176).
Soil moisture data were not collected in 1990,
but rainfall and irrigation amounts were re-
corded each year at the study site.
Data Analysis. Root rating data and beetle
emergence data from both years were analyzed
by analysis of variance (SAS Institute 1985);
means were separated by a protected least sig-
nificant difference test (P = 0.05).
Results
Nematode Distribution Along Length of Cen-
ter Pivot. Examination of water collected from
the center-pivot nozzles while nematodes were
being injected into the system in 1989 indicated
that the nematodes were viable and distributed
down the length of the system approximately in
proportion to the application rate (mean = 94
nematodes per 15 ml, SD = 13 at 2.5 billionlha;
mean = 41, SD = 14 at 1.2 billionlha; n = 6 for
both rates). However, this center pivot was only
126 m long, compared with the standard 366-m-
long systems in use commercially.
Root Damage Ratings. In 1989 (Table 1) in the
natural rootworm infestation, chlorpyrifos and
the high nematode rate both provided similar
levels of root protection, significantly better than
that provided by terbufos or the untreated con-
trol. The low rate of nematodes also provided
significantly better protection compared with the
untreated plots and terbufos, but was signifi-
cantly less effective than chlorpyrifos. The plots
that were infested artificially with western corn
rootworm eggs to augment the natural infestation
had higher levels of rootworms, as shown by the
higher root damage ratings in the absence of any
treatment (5.2 compared with 3.9 in the natural
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Table I. Root damage ratings of corn plants after application of several treatments to plots naturally and artificially
infested (600 per 30.5 cm of row) with corn rootworm (Diabrotica spp.) eggs, Concord, NE, 1989 and 1990
Yr Treatment, rate
Root damage rating (1-6 scale)
Natural infestations Artificial infestations
1989
1990
Untreated
Applied in soil at planting
Terbufos, 9.9 kg (AI)/ha
Applied through irrigation system after rootworm egg hatch
S. carpocapsae (All strain)
2.5 x 109/ha
1.2 x 109/ha
Chlorpyrifos, 1.12 kg (AI)/ha
Untreated
Applied in soil at planting
Terbufos, 9.9 kg (AI)/ha
Applied through irrigation system after rootworm egg hatch
S. carpocapsae (All strain)
2.5 x 109/ha
1.2 x 109/ha
Chlorpyrifos, 1.12 kg (AI)/ha
3.9 ± O.4a
3.9 ± 0.5a
2.7 ± O.lbc
2.9 ± O.4b
2.3 ± O.lc
4.8 ± 0.6a
2.4 ± O.4c
3.7 ± 0.8bc
4.0 ± 0.3ab
3.4 ± 0.3bc
5.2 ± O.la
4.2 ± 0.2b
3.6 ± O.4bc
2.7 ± 0.2c
4.7 ± 0.5a
4.7 ± 0.7a
4.0 ± O.4a
4.4 ± 0.7a
Mean ± SD, n = 2. Means in a column for each year followed by the same letter are not significantly different (P = 0.05;
protected least significant difference test [SAS Institute 1985».
infestation). The nematodes were less effective
against this higher rootworm population; neither
nematode rate provided root ratings <3.0. All
treatments were Significantly more effective than
the untreated control, and the nematodes at the
low rate provided control equivalent to that pro-
vided by chlorpyrifos.
In the natural rootworm infestations in 1990,
terbufos, chlorpyrifos, and the high rate of nem-
atodes all provided Significantly improved levels
of root protection compared with the untreated
plots (Table 1). Terbufos provided significantly
improved root protection compared with the low
nematode rate. In the artificially infested plots,
we detected no significant differences among
any of the treatments and the untreated control.
Rootworm populations in all studies were ad-
equate to produce root damage ratings >3.0 in
the untreated plots (Table 1). Although the rela-
tionship between root damage ratings and yield
loss is quite variable, ratings >3.0 suggest the
potential for economic loss (Mayo 1986).
Nematode Persistence. In 1989, viable nema-
todes were detected with the G. mellonella bio-
assay for as long as 28 d after application, al-
though the level of nematode activity decreased
sharply in samples taken >3 d after application
(Table 2). In 1990, nematode persistence was
shorter; no nematode activity was detectable
>7 d after application. In both years, we de-
tected greater levels of nematode activity at the
higher application rate. Bacterial (Serratia spp.)
and fungal (Beauveria bassiana [Bals.] Vuill.)
pathogens commonly were observed both years
in G. mellonella without nematode infection.
These pathogens were the major cause of mor-
tality on day 7 and 14 in 1990 (unpublished data).
Adult Rootworm Emergence. In 1989, one of
two groups of plots treated with the high rate of
nematodes showed significantly reduced emer-
gence of western corn rootworm adults in the
naturally infested plots, compared with un-
treated plots or those treated with terbufos or the
high rate of nematodes (Table 3). In 1990 all
treatments significantly reduced western corn
rootworm emergence compared with the un-
treated control.
In both years, the northern corn rootworm pop-
ulation was 2.4-5.5% of the total adult rootworm
emergence. Although some significant differ-
ences were detected between treatments in both
years (Table 3), we cannot reject the possibility
that these differences were the result of a low,
variable native northern corn rootworm popula-
tion, rather than of biological effects of the treat-
ments.
Plant Lodging. In 1989, 6% of the plants in the
untreated control plots of the natural infestation
were lodged; no lodged plants occurred in the
other treatments. In the artificially infested plots,
4% of plants in the untreated plots and 1% of the
plants in the plots treated with the high rate of
nematodes were lodged; no lodging occurred in
the other treatments. No lodging was observed in
1990 in any treatments.
Environmental Conditions. In 1989, percent-
age soil moisture was as follows: in the top 10 cm
1 d after application, 33.6%; 7 d, 33.0%; 14 d,
12.0%; 21 d, 13.6%; 28 d, 19.3%; in the subsoil
(10-15 cm) 1 d after application, 23.5%; 7 d,
23.0%; 14 d, 16.8%; 21 d, 13.6%; 28 d, 19.0%. In
1990, soil moisture data were not collected. Irri-
gation and rainfall data for both years during the
study period are shown in Fig. 1.
Discussion
Our study documents the efficacy of nema-
todes applied through a center-pivot irrigation
system for management of corn rootworm larvae.
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Table 2. Persistence of S. carpocapsae (All strain) after application of 1.2 and 2.5 X 109 nematodes per hectare
through a cente....pivot irrigation system to corn, as determined by a Galleria mellonella bioassay, Concord, NE, 1989
and 1990
Yr Nematode rate per ha(x 109)
Days after
application
% dead G. mellonella larvae
With S. carpocapsae Without
1989
1990
1.2
2.5
1.2
2.5
1.2
2.5
1.2
2.5
1.2
2.5
Water only
1.2
2.5
1.2
2.5
1.2
2.5
1.2
2.5
-1
1
1
3
3
7
7
14
14
28
28
oa
o
o
3
3
7
7
14
14
o
50.5 ± 18.3
53.9 ± 24.9
18.2 ± 13.8
47.0 ± 29.1
7.2 ± 7.0
11.3 ± 15.3
11.8 ± 29.8
1.4 ± 2.1
0.3 ± 0.6
0.8 ± 1.1
o
5.6 ± 6.3
22.0 ± 11.7
2.8 ± 3.5
6.4 ± 5.4
0.6 ± 1.0
1.0 ± 1.7
o
o
23.0 ± 27.4
15.6 ± 20.8
18.5 ± 27.0
32.7 ± 23.2
14.9 ± 7.5
6.7 ± 6.6
4.7 ± 2.6
15.2 ± 25.8
7.0 ± 9.1
19.5 ± 26.1
5.3 ± 3.4
42.6 ± 33.5
51.8 ± 21.7
42.2 ± 22.7
20.6 ± 15.9
24.2 ± 13.2
76.2 ± 15.1
77.4 ± 16.1
61.0 ± 19.8
76.0 ± 13.6
Values are means ± SD; n = 10, except for 1989, -1 d after application, where n = 20; 3 d after treatment, where n = 9; and
1990, 2 h after treatment, water-only treatment, where n = 5.
a 0, 2 h after application.
ment for nematode survival because of the in-
creased soil moisture after irrigation. This
application method should be applicable to other
crops and pests as a means to increase the effi-
cacy of nematodes as biological control agents.
Previous work (Reed et al. 1986) documented the
Early field studies (cited above) in which stein-
ernematid nematodes were tested against corn
rootworms generally provided poor levels of root
protection, probably because nematodes were
applied at planting time and at rates much lower
than in our study.
Compared with application of nematodes at
planting time, use of this application method al-
lows nematodes to be applied with better timing
in relation to the occurrence of susceptible root-
worm stages and provides an improved environ-
6 .........• Rainfall IJ Irrigation
Table 3. Emergence of corn rootworm (Diabrotica
spp.) adults as influenced by planting time applications of
terbufos and application of S. carpocapsae (All strain)
through center-pivot irrigation to plots naturally infested
with corn rootworms, Concord, NE, 1989 and 1990
Treatment
No. of emerged corn rootworm
adults per cage
1989 1990
WCRa NCRb WCR NCR
.j
'5
u
5
4
3
2
Means in a column followed by the same letter are not
significantly different (P = 0.05; protected least significant dif-
ference test [SAS Institute 1985)).
a WCR, D. virgifera virgifera.
b NCR, D. barberi.
65.8a 2.0b 49.8a 0.2bUntreated
Applied in soil at planting
Terbufos, 9.9 kg(ai)/ha
Applied through irrigation
system after rootworm
egg hatch
S. carpocapsae
1.2 x 109/ha
2.5 x 109/ha
2.5 x 109/ha
62.7a
54.3a
20.6b
0.7b
7.1a
2.0b
13.7b 0.5ab
26.7b 1.2a
24.7b 0.9a
0
'"~ '" ~ ~
..,. ::; ....
.... ....
....
.... ~ ....
" "
....
...
..
... ... ... >.
...
... ...
== = :; :; :; :; =
:; :; :; :;
= =... ... ... ... ... ... ... ... ... ... ...
1989 1990
Fig. 1. Rainfall and irrigation amounts (cm) during
study period, Northeast Research and Extension Cen-
ter, Concord, NE, 1989 and 1990.
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use of drip irrigation systems as a delivery
method for nematodes used in soil insect control.
Published studies on nematode behavior may
help explain some of the results of our study. S.
carpocapsae usually moves <15 cm and often
only 1-2 cm deep into the soil when applied to
the surface, and movement is reduced in fine-
textured soils (Moyle & Kaya 1981, Georgis &
Poinar 1983, Schlj,oeder & Beavers 1987). These
studies have also documented some increase in
downward movement when a host is present be-
low ground. Limited downward movement by S.
carpocapsae may explain in part why relatively
high nematode rates (>1Q9/ha) are needed for
efficacy against rootworms.
Two previously published laboratory studies
have examined the possible influence of plant
roots on host-finding ability of Steinernema spp.
In a study using young plants, Choo et al. (1989)
found no reduction in the ability of S. carpocap-
sae to find G. mellonella larvae in the presence of
corn, tomato, or marigold roots. However, Thur-
ston & Yule (1990) concluded that S. carpocap-
sae and S. feltiae could not find D. barberi larvae
feeding among and within corn roots, based on
lack of reduction in larval densities when rates of
nematodes expected to produce high levels of
control were used. Additional studies are needed
before conclusions can be made concerning
whether corn roots interfere chemically or phys-
ically with the ability of nematodes to find root-
worm larvae.
Based on results of a laboratory study, Thur-
ston & Yule (1990) recommended that nematode
applications be timed to coincide with the occur-
rence of first-instar northern corn rootworms so
that larvae are controlled before they enter the
roots and nematodes presumably are less able to
find them. This contrasts with the strategy used
in our study (i.e., application of nematodes to
coincide with later rootworm instars). Our timing
was chosen based on the results of Jackson
(1985), whose laboratory bioassays indicated
that western corn rootworm larvae increased in
susceptibility to S. carpocapsae as they went
through their three instars. In addition, the rela-
tively short residual activity of entomopatho-
genic nematodes under the conditions of our
study suggests that nematodes should be applied
to coincide with the appearance of the most sus-
ceptible rootworm stages. Possible differences
between Diabrotica spp. in instar-specific sus-
ceptibility to nematodes and the role of corn
roots in nematode host finding must be clarified
before the optimum nematode timing can be de-
termined.
Use of adult rootworm emergence as an eval-
uation criterion for nematodes may not be a good
indication of its value in corn rootworm manage-
ment. Insecticides commonly are applied in a
band centered on the seed furrow with the goal
of protecting the central portion of the root sys-
tem sufficiently to prevent lodging of the plant
and to have enough roots for water and nutrient
uptake, not to reduce adult numbers. For this
reason, root damage ratings are commonly used
to assess insecticide efficacy (Mayo 1986). Corn
rootworm larvae may survive to adulthood even
in insecticide-treated fields if they feed on roots
growing outside the treated band. Data from Sut-
ter & Lance (1991) show that reductions in adult
emergence from use of soil insecticides at plant-
ing time may range from 16.5 to 81.1%, depend-
ing primarily on the insecticide and on soil mois-
ture conditions during rootworm growth. Our
results (Table 3) fall within this range. Similarly,
some corn rootworms might survive a broadcast
application of nematodes if they were feeding
below the level of nematode activity, or if they
were protected by feeding within or among corn
roots.
Our study represents an extreme test for nem-
atodes, because several environmental factors
were not ideal. The soil type in these studies was
fine textured, which does not favor nematode
survival (Kung et al. 1990) or movement. Supple-
mental irrigation was applied only as needed for
maintenance of the corn, and the soil surface
dried out between irrigations. The lack of nem-
atode persistence >7-14 d (Table 2) may be ex-
plained by the lower soil moisture during this
period (generally <20%). In addition, efficacy
against rootworms might be increased with dif-
ferent strains (Jackson 1985) or species of stein-
ernematid nematodes.
Acknowledgments
We thank S. D. Danielson (University of Nebraska-
Lincoln) and J. J. Petersen (USDA-ARS, Lincoln) for
review of the manuscript, and Albert Hom (Biosys) for
conducting the nematode bioassays. This research was
supported in part by Biosys and the University of
Nebraska Agricultural Experiment Station. This is Pa-
per No. 9977 of the Journal Series of the Nebraska
Agricultural Research Division and Contribution No.
800 of the Department of Entomology, University of
Nebraska-Lincoln.
References Cited
Brady, N. C. 1974. The nature and properties of
soils, 8th ed. Macmillan, New York.
Choo, H. Y., H. K. Kaya, T. M. Burlando & R. Gaugler.
1989. Entomopathogenic nematodes: host-finding
ability in the presence of plant roots. Environ. En-
tomol. 18: 1136-1140.
Friedman, M. J. 1990. Commercial production and
development, pp. 153-172. In R. Gaugler & H. K.
Kaya [eds.], Entomopathogenic nematodes in bio-
logical control. CRC, Boca Raton, FL.
Gaugler, R. 1988. Ecological considerations in the
biological control of soil-inhabiting insects with
entomopathogenic nematodes. Agric. Ecosyst.
Environ. 24: 351-360.
1354 JOURNAL OF ECONOMIC ENTOMOLOGY Vol. 86, no. 5
Gaugler, R. & H. K. Kaya [eds.]. 1990. Ento-
mopathogenic nematodes in biological control.
CRC, Boca Raton, FL.
Georgis, R. & G. O. Poinar, Jr. 1983. Effect of soil
texture on the distribution and infectivity of Neoa-
plectana carpocapsae (Nematoda: Steinemema-
tidae). J. Nematol. 15: 308-311.
Hills, T. M. & D. C. Peters. 1971. A method of eval-
uating postplanting insecticide treatments for
control of western corn rootworm larvae. J. Econ.
Entomol. 64: 764-765.
Jackson, J. J. 1985. Parasitism of the western corn
rootworm with the nematode, Steinernema feltiae.
Ph.D. dissertation, University of Minnesota, St.
Paul.
Jackson, J. J. & M. A. Brooks. 1989. Susceptibility
and immune response of western corn rootworm
larvae (Coleoptera: Chrysomelidae) to the entomog-
enous nematode, Steinernema feltiae (Rhabditida:
Steinemematidae). J. Econ. Entomol. 82: 1073-
1077.
Kaya, H. K. 1985. Entomogenous nematodes for in-
sect control in IPM systems, pp. 283-302. In M.
Hoy & G. Herzog [eds.], Biological control in agri-
cultural IPM systems. Academic, New York.
Kaya, H. K. & R. Gaugler. 1993. Entomopathogenic
nematodes. Annu. Rev. Entomol. 38: 181-206.
Kung, S.-P., R. Gaugler & H. K. Kaya. 1990. Soil
type and entomopathogenic nematode persistence.
J. Invertebr. Pathol. 55: 401-406.
Levine, E. 1984. Field corn, corn rootworm larval
control, 1983. Insectic. Acaricide Tests 9: 238-239.
Mayo, Z B. 1986. Field evaluation of insecticides
for control oflarvae ofcorn rootworms, pp. 183-203.
In J. L. Krysan & T. A. Miller [eds.], Methods for
the study of pest Diabrotica. Springer-Verlag, New
York.
Moyle, P. L. & H. K. Kaya. 1981. Dispersal and
infectivity of the entomogenous nematode, Neoa-
plectana carpocapsae Weiser (Rhabditida: Stein-
ernematidae), in sand. J. Nematol. 13: 295-300.
Munson, J. D. & T. J. Helms. 1970. Field evaluation
of a nematode (DD-136) for control of corn root-
worm larvae. Proc. North Cent. Branch Entomol.
Soc. Am. 25: 97-99.
Oleson, J. D. & J. J. Tollefson. 1985. Field corn,
corn rootworm larval control, 1983. Insectic. Acari-
cide Tests 10: 203-205.
Peters, L. L. 1986. Corn rootworm larval control
with nematodes, 1983. Insectic. Acaricide Tests 11:
244-245.
Poinar, G. 0., Jr. 1990. Biology and taxonomy of
Steinemematidae and Heterorhabditidae, pp. 23-
62. In R. Gaugler & H. K. Kaya [eds.], Ento-
mopathogenic nematodes in biological control.
CRC, Boca Raton, FL.
Poinar, G. 0., Jr., J. S. Evans & E. Schuster. 1983.
Field test of the entomogenous nematode, Neoa-
plectana carpocapsae, for control of com rootworm
larvae (Diabrotica sp., Coleoptera). Prot. Ecol. 5:
337-342.
Reed, D. K., G. L. Reed & C. S. Creighton. 1986.
Introduction of entomogenous nematodes into
trickle irrigation systems to control striped cucum-
ber beetle (Coleoptera: Chrysomelidae). J. Econ.
Entomol. 79: 1330-1333.
Rohrbach, M. D. 1969. Use of the nematode Neoa-
plectana carpocapsae DD-136 in controlling north-
ern and western corn rootworms. M.S. thesis, Uni-
versity of Missouri, Columbia.
SAS Institute. 1985. SAS user's guide, statistics,
version 5. SAS Institute, Cary, NC.
Schroeder, W. J. & J. B. Beavers. 1987. Movement
of the entomogenous nematodes of the families
Heterorhabditidae and Steinernematidae in soil.
J. Nematol. 19: 257-259.
Sutter, G. R. & D. R. Lance. 1991. New strategies
for reducing insecticide use in the corn belt, pp.
231-249. In Sustainable agriculture research and
education in the field, a proceedings. Board on Ag-
riculture, National Research Council. National
Academy Press, Washington, DC.
Thurston, G. S. & W. N. Yule. 1990. Control oflar-
val northern com rootworm (Diabrotica barberi)
with two steinernematid nematode species. J.
Nematol. 22: 127-131.
Wright, R. J., S. D. Danielson, J. F. Witkowski, G. L.
Hein, J. B. Campbell, K. J. Jarvi, R. C. Seymour &
J. A. Kalisch. 1992. Insect management guide for
Nebraska corn and sorghum. Univ. Nebr. Coop. Ext.
Publ. EC 92-1509.
Received for publication 17 June 1992; accepted 3
June 1993.
